


elimination of the linear slide mec hanism at the load end�

Figure 
� Left� LADD cell� Righ t� LADD and CLADD�

The pioneering LADD researc h w as done b y S� Jacobsen and

co�w ork ers ��� �� 
� � � 	� They p oin ted out early on the im�

p ortance of LADD compliance for p ositioning accuracy and

dynamic p erformance� Subsequen tly � Carruth�s thesis �� 	 re�

view ed the non�elastic kinematics and discussed tradeo�s of

di�eren t LADD arrangemen ts� Tzeng �
� 	 studied the static

and dynamic LADD c haracteristics b y linearising ab out equi�

librium states to in v estigate natural frequencies� mo de shap es

and frequency resp onse c haracteristics� The dynamic inelastic

and elastic mo dels for a concen tric LADD w ere dev elop ed in

�
� � 
�	� Again� the elasticit y mo del w as based on �b er elastic�

it y � and w as not exp erimen tally v eri�ed�

The pap er is organised as follo ws� Sec� 
 reviews the tradi�

tional inelastic mo dels� Before pro ceeding to v erify this mo del�

w e detail LADD design and man ufacture in Sec� �� This sec�

tion is imp ortan t since LADDs are not commercially a v ailable�

and there is no published accoun t of their man ufacture� Sec� �

pro ceeds to describ e the exp erimen tal setup and rev eals the de�

�ciency of the inelastic mo del� Sec� � prop oses t w o new LADD

mo dels whic h are subsequen tly v alidated exp erimen tally � Based

on one of the mo dels a new CLADD mo del is deriv ed and v al�

idated in Sec� �� Before concluding the pap er� exp erimen tal

results concerning LADD e�ciency are presen ted in Sec� �

� Inelastic Mo dels

��� LADD Model

The inelastic mo del relating LADD length l v ersus input ro�

tation � deriv es from its geometry � depicted in Fig� �� The

cell �b er links are assumed to remain straigh t and of constan t

length L� Keeping the lo w er ring �xed and rotating the up�

p er ring b y � � the upp er �b er ends displace b y Dsin �
�

� With

L�
� l� � D�sin� �

�
�

�� and solving for the cell length l � w e get

l � � � � D
q
�� � sin� �

�
�

�� where �
def

� L�D is the cell�s asp ect

ratio� A c hain of n cells will equally divide the input rotation

� � giving the n�cell LADD kinematics as

l � � � � nD

r
�� � sin� �

�


 n
� � � l � � � � l � � � � nL� �
�

��� CLADD Model

In CLADD design� the coaxial p ositioning of the inner LADD

with resp ect to the outer requires that b oth LADDs con tract b y

the same amoun t� The lengths of the inner and outer LADDs�

Figure �� Inelastic LADD mo del cell geometry �

li and lo are giv en from �
� as

li�o � ni�oDi�o

s
��i�o � sin� �

�i�o


 ni�o
� �

Since eac h LADD cell has the same length� the full length of

b oth LADDs and th us the CLADD is

lo � niLi � noLo� �
�

A further simpli�cation is in tro duced b y giving b oth LADDs

an asp ect ratio of unit y �

�i�o �

Li�o

Di�o
� 
 � ���

Using �
� and ���� the individual LADD mo dels simplify to

l � �i�o � � lo cos

�i�o


 ni�o
� ���

Since b oth LADDs are parallel� their con tractions are iden�

tical� and from ��� w e obtain no�i � ni�o � The input rotation

� of the motor is shared b y b oth LADDs� � � �i � �o and th us

�i�o �

�ni�o

ni � no
� ���

No w� from ��� and ��� the inelastic CLADD mo del is

l � � � � lo cos

�


� ni � no �

� � l � l � � � � lo� ���

F or brevit y � all calculations for mec hanical adv an tages and load

distributions are omitted here� but can b e found in �

 	�

� Design and Man ufacture

The testing of the mo dels deriv ed ab o v e is based on LADD

transmissions built in our lab� The design� sho wn in Fig� ��

allo ws for b oth inner and outer LADDs to b e man ufactured

separately and for co�axial assem bly with threaded end pieces�

This allo ws separate inner and outer LADD mo del v alidation�

and easy replacemen t of either one�

One of the most imp ortan t decisions w as the selection of the

link �b ers� Requiremen ts included high strength� go o d b ond�

ing prop erties� lo w creep and high durabilit y for b ending and






Figure �� CLADD detail design�

abrasion� Tw o materials� Kevlar R
�

and Spectra R
�

� w ere con�

sidered but neither satis�ed all the criteria� Kevlar� an aramid

�b er� lac ks durabilit y while Sp ectra� a p oly eth ylene �b er� ex�

hibits creep� W e c hose Sp ectra b ecause w e felt that the risk of

failure in Kevlar w as more serious than the creep in Sp ectra�

The initial creep can b e eliminated via prop er pre�stretc hing�

Lik e all cables and �b ers� Sp ectra exhibits a con tin uous creep

under steady loads� Ho w ev er� in our LADD application� loading

is only in termitten t and only appro ximately 
�� of the break

strength�

In the man ufacturing setup� t w o LADD end pieces and alu�

min um cell rings are aligned axially with a mandrel �ro d�� whic h

also �xes the end pieces at the desired total LADD length� A

single Sp ectra 

 �� kg line is used to string the en tire LADD

through the holes in the end pieces� This minimises the prob�

lem of dealing with �� end conditions do wn to only t w o� th us

pro ducing a more reliable and stronger LADD� Ev ery time the

�b er is threaded across� a 
 �� kg load is used to tension the

�b er and the tensioned link is b onded at b oth end pieces with

fast�drying Permabond R
� Adhesive b efore the next threading�

The rings are then equally spaced with a �xture and selected

�b ers are tac k ed to the rings with fast�drying glue� A t w o�

comp onen t ep o xy � CIBA�GEIGY Araldite R
�

� is mixed and left

to cure for �� min utes to ac hiev e the prop er consistency whic h

prev en ts it from running up the links� The �xtures are then re�

mo v ed and t w o coats of ep o xy are applied to the rotating LADD

via a syringe needle� The steady rotation of the LADD during

this pro cess pro vides excellen t con trol o v er the adhesiv e appli�

cation and the subsequen t 

 hour drying phase� The LADD

is allo w ed to cure for an additional �� hours �without rotation�

b efore b eing disassem bled from the mandrel and w aiting � da ys

b efore b eing placed in to op eration�

� Exp erimen tal Mo del V alidation

��� Experimental Setup

Kinematic v alidation of the LADDs in v olv ed testing them un�

der a v ariet y of static loads with the exp erimen tal set�up illus�

trated in Fig� �� It consists of a linear arrangemen t of an �� W
DC motor� coupled to a thrust b earing assem bly to driv e the

LADD or CLADD� a linear motion guide� t w o pulleys and the

load� F or CLADD testing the linear motion guide w as remo v ed�

The motor and the pulley are instrumen ted to measure the mo�

tor angle and the LADD linear displacemen t� resp ectiv ely � The

motor is driv en b y a serv o ampli�er whic h con trols the motor

curren t with a 
 �� kHz bandwidth and pro vides a curren t feed�

Figure �� Set�up for kinematic v alidation of LADDs�

bac k signal� This curren t signal� in turn� can b e translated in to

a motor torque reading via the motor�s torque constan t�

��� Experimental Issues

In order to v erify LADD mo dels� rep eatable and trust w orth y

exp erimen ts are a prerequisite� W e found t w o dominan t �break�

in� phenomena whic h ha v e to b e eliminated or c haracterised

b efore mo deling can b egin� The �rst one is �b er creep and the

second e�ect is glue shaping � Both e�ects can b e minimised b y

prop er break�in pro cedures describ ed b elo w�

T o �break�in� the �b ers for creep� w e applied a �� kg load to

eac h LADD at full extension for 

 hours� Since eac h LADD

w as designed with 
� Sp ectra links� this loading represen ts � �
�

of eac h line�s 

 �� kg break strength� W e found substan tial

break�in creep of � ���� of total length� whic h m ust b e elim�

inated b efore mo del v alidation� Unfortunately � the creep con�

tin ues at a v ery slo w rate of � ��
���hr� This do es not a�ect

our relativ ely short exp erimen tal runs� but could b e a problem

for long term LADD op eration�

Glue shaping arises b ecause the ep o xy that b onds the Sp ectra

�b ers to the alumin um rings giv es w a y as the cells are t wisted

and un t wisted rep eatedly � W e op erated the LADDs for �� min
at � �
 Hz o v er the maxim um op erating range under loads of



 �� kg and 
� kg for outer and inner LADDs resp ectiv ely � The

�rst �� min tests on four LADDs sho w ed that the kinematics

v aried noticeably ��break�in� e�ect� while the second sho w ed

immediate con v ergence� Ho w ev er� a slo w rate of � �
�� �hr re�

mained � substan tially higher than the �b er creep rate� This

rate will decrease with con tin ued op eration and should b e min�

imized b y c ho osing harder b onding agen ts�

��� Model Validation Results

After the prop er LADD break�in pro cedures� w e tested the

mo dels dev elop ed earlier� The exp erimen tal con traction length

dl is plotted together with the predictions �
� in Fig� �� W e

obtain errors of up to 
� ��� at a 
 kg load and � �
� at a �� kg

�



load� As the motor angle � increases� the magnitude of error

increases as w ell and in con trast� as the load F increases� the

error reduces� Clearly an error of almost 
�� is not acceptable

as a basis for design and con trol with LADDs�

� New LADD Mo del

The results from the previous mo del v alidation section establish

a clear need for a compliance mo del� since the mo deling error

is directly related to the applied load� in addition to the motor

angle� While previous w ork on complian t mo dels �
�� 
� 	 simply

attributed this to �b er elasticit y � b oth our exp erimen ts with

�b er creep �

 	 and others ��	 sho w that the �b ers� high sti�ness

cannot accoun t for this e�ect� More imp ortan t� a mo del based

on �b er elasticit y w ould actually b e w orse than the inelastic

mo del� b ecause it w ould predict an increasing deviation from

the inelastic mo del with increasing load� In realit y � exactly

the opp osite is the case� the larger the load� the closer the

b eha viour to the inelastic case�

A close lo ok at a LADD cell in op eration sho ws that the

�b ers ha v e a �nite curv ature at the b oundaries to the rings�

as illustrated in Fig� �� This Fib er Bending con tradicts the in�

elastic mo del�s assumption that LADD cell �b er links remain

straigh t during op eration� W e observ e that �b er b ending b e�

comes more apparen t at large cell t wist angles and reduces un�

der high LADD loads� This re�ects the increasing mo deling

errors at large angles and decreasing mo deling errors at large

forces as sho wn in Fig� �� Th us w e are motiv ated to include a

force dep enden t ��b er b ending term�� captured in the �Lo cal

Compliance Mo del�� describ ed b elo w�

Figure �� Fib er b ending�

��� Local Compliance Model �LCM�

In place of the constan t cell �b er length L �Fig� ��� the LCM

iden ti�es an e�ectiv e cell �b er length Le whic h dep ends on mo�

tor angle � and load F � It is termed �lo cal� b ecause it addresses

the previously iden ti�ed mo deling problem due to �b er b ending

at the source� lo cally at the lev el of the individual cell kinemat�

ics�

W e solv e the non�elastic mo del �
� for the constan t cell �b er

length

L �

r
�

l

n
�

�
� D�sin� �

�


 n
�

and accoun t for the mo del inaccuracies b y replacing the con�

stan t cell �b er length with an angle and force dep enden t e�ec�

tiv e cell �b er length of the form

Le � L � a� F �

��

n�
� a� F � � b�e

b�F
� b��

This mo del is motiv ated b y the particular form of the er�

rors b et w een the inelastic mo del and exp erimen ts� W e then

�nd the co e�cien ts bi b y curv e �tting to exp erimen tal data as

sho wn in Figures � and �� The impro v emen ts� sho wn in Fig� �

are dramatic� The w orst case error decreases from 
� ��� full

scale to 
 ��� o v er the en tire load and angle range� W e ha v e

th us dev elop ed and v eri�ed an impro v ed mo del� motiv ated b y

the ph ysical realities� Giv en the resulting complex mo del� the

question arises� Can w e simplify the mo del and still main tain

accuracy� This question is answ ered in the next section�

2 4 6 8 10 12 14 16 18
15.7

15.8

15.9

16

16.1

Theta [rad]

C
el

l L
en

gt
h 

L 
[m

m
]

Load: 1kg

2 4 6 8 10 12 14 16 18
15.85

15.9

15.95

16

16.05

Theta [rad]

C
el

l L
en

gt
h 

L 
[m

m
]

Load: 25kg

Figure �� Cell �b er lengths� Dashed line� constan t cell �b er

length L from the inelastic mo del� Dotted data� cell �b er length

deriv ed from exp erimen tal runs� Solid line� e�ectiv e cell �b er

length Le from the LCM�
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Figure �� F orce dep enden t error term in the Lo cal Compliance

Mo del� Exp erimen tal runs �o� and LCM curv e �t �solid line��

As the load force increases� the error term b ecomes smaller�

��� Global Compliance Model �GCM�

The GCM iden ti�es a global compliance term g � F �� It is con�

sidered �global� b ecause it attempts to impro v e mo deling b y

m ultiplying the o v erall con traction LADD length �
� b y a fac�

tor that accoun ts for �b er b ending as a function of LADD load�

ing� Unlik e the LCM� the GCM is dev elop ed after the inelastic

�



mo del � l � � � is dev elop ed� and is of the form

� l � �� F � � � l � � � g � F � � g � F � � a�e
a�F

� a�� ���

The co e�cien ts ai are determined using curv e �ts to exp eri�

men tal data as ab o v e� F or eac h constan t load run� w e used the

exp erimen tal data and inelastic mo del predictions with least

squares to ev aluate a single v alue for g � F � for ���� By ev aluat�

ing resp ectiv e g � F �s for v arious loads� the co e�cien ts ai w ere

ev aluated through curv e �tting� The w orst case error of 
 ���

for this simpli�ed global compliance mo del �GCM� is only min�

imally w orse than that of the ph ysically motiv ated and more

complex LCM� Therefore w e prefer to use the simpler GCM for

further mo deling e�orts�
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Figure �� LADD Kinematics� The exp erimen tal con traction

dl ��� is plotted against the inelastic LADD mo del �solid line�

giv en b y �	�� The maxim um error is 	
��� at a 
 kg load �top�

and 
��� at a �� kg load �b ottom�� Both LCM and GCM mo d�

els are indistinguishable from the exp erimen tal data� The plots

on the righ t sho w an error reduction do wn to 
 ��� full scale

indep enden t of the applied load�

� New CLADD Mo del

The new CLADD mo del is dev elop ed similarly as presen ted in

Sec� 
� F rom ��� the c hange in lengths for the inner LADD�

assuming the outer and inner LADDs are made to b e of equal

length at zero relativ e rotation� is giv en as

� li � � niDi

r
��i � sin� �

�i

 ni

� � niLi � gi � Fi � �

The relation for the outer LADD is obtained b y simply ex�

c hanging the subscripts i with o � Equating the con traction

length of the inner and outer LADDs and giving b oth an as�

p ect ratio of unit y � w e obtain

�cos

�i

 ni

� 
� gi � Fi � � �cos

�o

 no

� 
� go � Fo � � ���

Unlik e the CLADD mo del presen ted in Sec� 
� w e are not

able to obtain a simple relation b et w een �i and �o � As b efore�

the total input rotation � of the driving source� the motor� is

shared b y b oth LADDs� � � �i � �o� The load distribution o v er

the t w o LADDs is giv en as

Fi�o �


 �

Di�o sin

�i�o
�ni�o

gi�o � Fi�o �

where Fi � Fo � F� ���

T o v erify the mo del w e solv ed n umerically the ab o v e equa�

tions using exp erimen tal data for �� F� and � � F or large loads of

�� kg b oth the inelastic mo del ���� as w ell as our new CLADD

mo del deriv ed from the t w o LADDs� GCM mo del are within ��

of the exp erimen tal data� But again� just lik e with the individ�

ual LADDs� the di�erences increase with decreasing load� since

the �b er b ending e�ect is increasing� A t a load of 
� kg � for

example� the inelastic CLADD mo del results in a w orst case

error of 
��� In con trast� with our new mo del� the error is

substan tially reduced� and remains b ounded to within �� �

 	�

� CLADD E	ciency

One of the k ey �gures of merit of a transmission is its e�ciency �

W e de�ne the o v erall CLADD e�ciency as the total output

useful w ork in the form of w eigh t displacemen t Fdl � o v er the

total input motor w ork �d� �

� �

Wout

Win
�

F
R l

dlR �
�d�

�

The e�ciencies of t w o CLADDs for increasing load are dis�

pla y ed in Fig� 
�� Av erage e�ciencies o v er full con tractions of

CLADD 
 v aried from ��� for a � kg load to ��� for a �� kg
load� with similar results for CLADD 
� E�ciency increased

with load b ecause a relativ ely smaller p ortion of the motor

torque is used to o v ercome friction� These e�ciencies are as

go o d as those of traditional devices� standard harmonic driv e

gearing e�ciencies are normally in the �� � ��� range ��	 and

ball screws under normal op eration o�er �� � ��� �
 	�
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 Conclusion

Our w ork with LADDs has rev ealed a substan tial error b et w een

the traditionally used inelastic kinematic mo del based on a sim�

ple geometric deriv ation and our exp erimen tally observ ed data�

W e ha v e iden ti�ed the underlying e�ect to b e not �b er elas�

ticit y � but �b er b ending� Tw o new compliance mo dels� a Lo�

cal Compliance Mo del �LCM� and a Global Compliance Mo del

�GCM� w ere in tro duced� one of them mo deling the �b er b end�

ing e�ect explicitly � Both mo dels resulted in a reduction of the

w orst case error b y an order of magnitude�

Based on impro v ed kno wledge ab out LADD�s prop erties� their

man ufacturing metho ds� and more accurate mo dels� these in�

teresting devices could �nd applications in electrically actuated

autonomous systems or other motion con trol application where

w eigh t and space are critical�
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